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Abstract – To investigate whether the equine major histocompatibility complex (MHC) gene
region influences the production of mould-specific immunoglobulin E antibodies (IgE), alleles
of the equine leukocyte antigen (ELA-A) locus and three microsatellite markers (UM-011,
HTG-05 and HMS-42) located on the same chromosome as the equine MHC were determined
in 448 Lipizzan horses. Statistical analyses based on composite models, showed significant
associations of the ELA-A and UM-011 loci with IgE titres against the recombinant Aspergillus
fumigatus 7 antigen (rAsp f 7). UM-011 was also significantly associated with IgE titres against
the recombinant Aspergillus fumigatus 8 antigen (rAsp f 8). In addition to the loci mentioned
above, the MHC class II DQA and DRA loci were determined in 76 Lipizzans from one stud.
For IgE levels against rAsp f 7, the composite model showed the strongest association for DQA
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(P < 0:01) while for rAsp f 8 specific IgE levels, similarly to the results found with all 448
horses, the strongest association was found with UM-011 (P D 0:01), which is closely linked
with the MHC class II DRB locus. These results suggest that the equine MHC gene region and
possibly MHC class II loci, influence the specific IgE response in the horse. However, although
the strongest associations were found with DQA and UM-011, this study did not distinguish if
the observed effects were due to the MHC itself or to other tightly linked genes.
horse / major histocompatibility complex / immunoglobulin E / specific mould allergen
1. INTRODUCTION
Immunoglobulin E (IgE) is an antibody class which mediates immediate
type hypersensitivity reactions and plays an important role in the pathogenesis
of allergic diseases and in the defence against helminths. Allergic diseases are
hypersensitivity reactions of certain individuals to substances called allergens,
often present in the natural environment, which are usually harmless for the
majority of the population. Production of specific IgE is initiated by the uptake
and presentation of allergens by major histocompatibility complex (MHC)
class II positive cells to allergen-specific helper T lymphocytes. These T
lymphocytes instruct B lymphocytes to produce allergen-specific IgE antibod-
ies. Allergen-specific IgE antibodies bind to the high affinity receptors present
on mast cells and basophils and allergen-induced IgE cross-linking results in
the release of various inflammatory mediators.
In human studies of family aggregation and segregation, it has been sug-
gested that total serum IgE levels are under genetic control and are associated
with, or linked to a number of genes [2], although the mechanism of inheritance
has not been determined. In addition to genetic factors which influence a
general predisposition for high IgE levels, MHC class II genes, and more
precisely HLA-D genes, are involved in the specific immune responsiveness to
allergens [2]. Family studies have also demonstrated a genetic predisposition
for IgE-mediated allergic diseases, such as asthma in humans [5].
In the horse, recurrent airway obstruction (RAO), which has some simil-
arities with human asthma, is caused by hypersensitivity reactions to moulds
and possibly also to other components present in hay and straw dusts [19].
IgE-mediated immune responses are probably involved in the pathogenesis of
RAO: affected horses have higher IgE levels against mould extracts [12,21]
and against certain recombinant (r) mould allergens [6] than healthy control
horses. A genetic predisposition for RAO has been demonstrated with family
studies [15], but an association between the equine leukocyte antigens (ELA)
and RAO has not been found [15]. This lack of association is not surprising,
since RAO is probably caused by immune reactions against a large number
of different antigens and associations with the MHC are only found with
specific IgE responses against single, well-defined allergenic molecules [2].
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A recent study in Lipizzan horses has shown that allergen-specific serum IgE
levels are influenced by environmental and genetic factors [7]. A preliminary
investigation also suggested that some MHC class I alleles, also called equine
leukocyte antigens (ELA), are associated with the IgE response against mould
allergens [7].
In order to further investigate whether the MHC gene region influences the
allergen-specific IgE response in the horse, three microsatellite markers located
on the same chromosome (ECA-20) as the equine MHC [23] were typed on
448 Lipizzan horses from six national studs. One of these markers, UM-011,
is closely linked with the MHC class II DRB locus [23].
Furthermore, alleles of the MHC class II DQA and DRA loci were determined
in 76 Lipizzan horses from one stud. IgE levels against two mould extracts and
against three recombinant mould allergens had been determined previously in
the sera of these horses [7].
2. MATERIALS AND METHODS
2.1. Horses
Four-hundred and forty-eight Lipizzan horses, brood mares and stallions,
belonging to six studs from six different countries were included in the study:
Austria: Piber stud (153 horses); Croatia: Djakovo stud (56 horses); Italy:
Monterotondo stud (61 horses); Hungary: Szilvásvárad stud (76 horses); Slov-
akia: Topol’cianky stud (42 horses); and Slovenia: Lipizza stud (59 horses).
All tested horses belonged to two generations (102 parent-offspring pairs) and
were over three years old. A detailed description of the population structure is
reported in Zechner et al. [25]. Within each stud, the horses were exposed to
similar environmental conditions and fed the same hay. All mares were kept
loose in group housing stables during the winter and were at pasture and in
stables during the summer. The stallions were held in individual loose boxes
in stables separate from the mares, but were fed the same hay. A clinical
examination of the respiratory tract permitting to identify horses suffering
from RAO could unfortunately not be carried out because the brood mares of
a number of studs were not used to handling, rending a thorough examination
of the respiratory tract impossible without sedation. Although we did not
see horses severely affected with RAO, coughing animals were present, but we
could not exclude infections of the respiratory tracts and thus did not include the
diagnosis as a variable in the statistical analysis. We can expect from previous
studies [19] that at least 10% and probably more horses were affected with RAO.
2.2. Blood samples
Blood was taken from the jugular vein from each horse with sodium heparin
containing vacutainers for the serological MHC typing, with EDTA containing
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vacutainers for DNA isolation and with vacutainers (Vacuette® Greiner, Huber
u. Co., Reinach, Switzerland) containing a serum clot activator for preparation
of the serum. Serum was frozen in aliquots within 24 h after blood sampling
and then stored at −70 C until assayed.
2.3. Serological MHC class I typing
Alloantisera detecting 17 internationally recognised (A1, A2, A3, A4, A5,
A6, A7, A8, A9, A10, W11, A14, A15, A16, A17, A18, A19 and A20)
and six locally defined (Be22, Be25, Be27, Be28, Be30 and Be108) ELA-A
locus specificities were tested in a classical two-step microcytotoxicity test in
Terasaki plates according to Lazary et al. [13,14].
2.4. Isolation of DNA
DNA was isolated from whole blood using a Nucleon DNA Extraction Kit
(Amersham Biosciences UK Limited, Buckinghamshire, England) following
the manufacturer’s instructions.
2.5. Determination of MHC class II alleles
MHC class II DRA and DQA locus typing was performed by the polymerase
chain reaction-single strand conformation polymorphism (PCR-SSCP) analysis
of exon 2 according to previously published protocols [1,10] in the 76 horses
from the Szilvásvárad stud. Typing for DRB [9] was performed but the data
was not included in the analysis because of unreliable results.
2.6. Genotyping of microsatellite markers
Microsatellite markers UM-011, HTG-05 and HMS-42 mapping to equine
chromosome 20 (ECA-20; Swinburne et al. [23]) were genotyped in the 448
horses. While the UM-011 locus is placed within MHC class II (no recombin-
ation between UM-011 and DRB [23]), the other two microsatellites (HTG-05
and HMS-42), here used as flanking controls, are located proximal and distal on
ECA-20. The three primer pairs (http://www.aht.org.uk/genetics/table2.html
and http://locus.jouy.inrafr/cgi-bin/horsemap/) were pooled into a PCR-
multiplex performed as described in Swinburne et al. [23].
2.7. Determination of allergen-specific IgE levels in the horse
Serum IgE levels against Alternaria alternata (Alt a) and Aspergillus fumig-
atus (Asp f ) extracts, and against recombinant Alternaria alternata 1 (rAlt a 1),
recombinant Aspergillus fumigatus 7 and 8 (rAsp f 7 and rAsp f 8) were determ-
ined by enzyme linked immunoassay (ELISA) as described previously [6,7].
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2.8. Allele frequencies and associations between ECA-20 loci
Allele frequencies were derived from the genotypic frequencies. Assump-
tions of the Hardy-Weinberg equilibrium (HWE) were tested for each locus
within studs by the Markov-chain Monte Carlo algorithm implemented in the
Genepop program version 3.2a [18], which generates exact tests for multiple
alleles [11]. Bonferoni corrections (six comparisons per locus) were used on the
HWE tests to reduce the Type I error rate. Associations between ECA-20 loci
were presented as correlation coefficients, i.e. unbiased linkage disequilibrium
coefficients normalised by allele frequencies, between combinations of loci or
alleles included in the study and were statistically tested according to Weir [24].
The analysis was performed by the stud as well as on the pooled sample with all
horses. Both the calculation of the correlation coefficients and their significance
were performed by GENETIX 4.02 [3].
2.9. Effects of ECA-20 loci on IgE level
Variance analyses of the IgE levels were performed by the SAS® statistical
package [20]. General linear models (PROC GLM) were used for normally
distributed variables, serum IgE levels against the mould extracts Alternaria
alternata (Alt a) and Aspergillus fumigatus (Asp f ). The recombinant mould
allergens rAlt a 1, rAsp f 7 and rAsp f 8 were treated as binary variables
(detectable or undetectable IgE level) and were analysed with generalised linear
models (PROC GENMOD) assuming a binomial error distribution [22]. In all
models, response variables were analysed separately (univariate approach).
The following procedure was applied in all cases. First, we fitted a model
that included the effects of the stud (fixed), sex (fixed), age at measurement
(covariable) and all possible two-way interactions between these effects. Then,
starting from the higher order terms to lower order terms, the predictor variables
having the highest P value were omitted from the model if they were non-
significant. Later, full-composed genetic models including all loci effects
were simultaneously fitted on the minimal non-genetic models. Repeating the
same modelling strategy as before (reduction of non-significant effects with
the highest P value), we built the resultant genetic model. A description of the
models used in the analysis is shown in Table I.
The effects of the ECA-20 loci on the IgE response against the mould
extracts as well as against the recombinant mould allergens were tested by
gene substitution models [8]. Dependences that occured in a gene substitution
model were removed [16]. All rare alleles with a frequency of less than 4%
were pooled (see Tabs. IV and VI). This procedure enabled us to reduce the
chance of making a type I error. The same modelling strategy (for description of
the models used see Tab. I) was repeated for the sample with the 76 horses from
the Szilvásvárad stud with addition of two MHC class II loci (DQA and DRA).
S182 I. Curik et al.
Table I. Description of the models used in the analysis with respect to the non-genetic
effects, ECA-20 loci involved, statistical analysis (logistic and linear regression),
response variables (Alt a, Asp f, rAlt a 1, rAsp f 7 and rAsp f 8) and dataset used
(all studs and Szilvásvárad stud only).
Effects Linear regression Logistic regression
Alternaria a. Aspergillus f. rAlt a 1 rAsp f 7 rAsp f 8
All studs (N D 448)
Stud     
Age   ns ns ns
Sex ns ns ns ns ns
Stud  Age   ns  ns
Stud  Sex   ns ns ns
ECA-20 loci ELA-A, HMS-42, HTG-05 and UM-011
Szilvásvárad (N D 76)
Age   ns ns ns
ECA-20 loci DQA, DRA, ELA-A, HMS-42, HTG-05 and UM-011
Significance of non-genetic effects: ns D not significant,  P  0:05,  P  0:01
and  P  0:001. N D number of horses.
Since the number of horses was much lower (76), in these models, all rare
alleles with a frequency of less than 5% were pooled (see Tabs. V and VII).
Overdominance effects were tested according to the symmetrical overdom-
inance model [17]. Under symmetrical overdominance model values of homo-
zygotes were compared against heterozygotes. However, there was no single
significant association observed and, thus, the results related to this model are
not further presented.
3. RESULTS
3.1. Population genetics of the ECA-20 loci
Fifteen different equine leukocyte antigen A (ELA-A) alleles were detected
on the typed Lipizzan horses (Tab. IV). At the DQA locus, four alleles out of
eight accounted for 94% of all alleles (see Tab. V). At the DRA locus, three
alleles were identified; DRA*0101 had the highest allele frequency (53.3%),
followed by DRA*0201 (33.8%) and DRA*0301 (11.9%). Amongst the three
microsatellite loci (HTG-05, UM-011 and HMS-42), the largest number of
alleles (10) was observed at the UM-011 locus. Four alleles (161, 163, 165
and 177) with frequencies ranging from 14.1% to 32.8% accounted for 89.8%
of all alleles, (Tab. VI). Only five and four alleles were found at the HTG-05
and HMS-042 loci, respectively. At both loci, two alleles were predominant.
The HTG-05-79 and HTG-05-81 alleles appeared with frequencies of 35.9%
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Table II. Correlation coefficients (normalised disequilibrium coefficients) between
loci on equine chromosome 20 (ECA-20).
Locus HMS-42 HTG-05 UM-011 ELA-A DQA
All studs (N D 448)
ELA-A 0.052 0.059  0.094 
HMS-42 0.038 0.046
HTG-05 0.045
Szilvásvárad (N D 76)
DRA 0.080 0.171 0.337  0.213  0.380 
HMS-42 0.114 0.140  0.118 0.081
HTG-05 0.100 0.089 0.116 
UM-011 0.220  0.299 
ELA-A 0.241 
 P < 0:05,  P < 0:01 and  P < 0:001. N D number of horses.
and 53.1%, respectively. A similar situation was observed at the HMS-042
locus; the frequencies of the HMS-042-112 and HMS-042-126 alleles were
40.2% and 47.6%, respectively. All loci at all studs were in agreement with
Hardy-Weinberg equilibrium.
ELA-A and UM-011 as well as ELA-A and HTG-05 were found to be in signi-
ficant linkage disequilibrium (Tab. II). Analysis of pairwise allele associations
showed significant correlations between certain alleles. For example, between
alleles ELA-A1 and UM-011-163, ELA-A8 and UM-011-173, ELA-A14 and
UM-011-163, and ELA-A16 and UM-011-177 significant (P < 0:0001) correl-
ation coefficients of 0.451, 0.865, 0.471 and 0.372 were observed, respectively.
For the small dataset (76 horses), the highest significant correlation coefficients
were found between the two MHC class II loci, DQA and DRA, as well as
between DRA and UM-011, and DQA and UM-011. Furthermore, highly
significant correlation coefficients were observed between ELA-A and DQA,
ELA-A and UM-011, and ELA-A and DRA (Tab. II).
3.2. Association between ECA-20 loci and IgE levels
against the mould extracts
No significant overall effect (gene substitution model) of any of the loci
considered was found for the IgE serum against the mould extracts Alt a and
Asp f.
3.3. Association between ECA-20 loci and IgE levels
against the recombinant mould allergens
Although, for the model with 76 horses (Szilvásvárad stud), the effect of
microsatellite UM-011 nearly reached the level of significance (P D 0:054),
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Table III. Associations between the effects of different loci on equine chromosome 20
(ECA-20) and serum IgE (detectable or undetectable) against the recombinant mould
allergens: rAspergillus fumigatus 7 and 8 (rAsp f 7 and rAsp f 8).
rAsp f 7 rAsp f 8
Loci df ∆ deviance P-value ∆ deviance P-value
All studs (N D 448)
HMS-42 2 2.8479 0.24076 (2) 0.5630 0.75464 (1)
HTG-05 3 0.4902 0.92104 (1) 7.1736 0.06657 (2)
UM-011 4 11.5693 0.02086 17.3382 0.00164
ELA-A 10 20.0937 0.02838 17.3630 0.06721 (3)
Szilvásvárad (N D 76)
HMS-42 2 0.9267 0.62919 (3) 2.5502 0.27940 (2)
HTG-05 2 0.0471 0.97670 (1) 6.9844 0.03043
UM-011 5 7.2052 0.20582 (2) 14.3739 0.01340
ELA-A 5 10.1250 0.07177 (4) 2.9731 0.70413 (1)
DQA 4 13.6297 0.00858 4.7143 0.31789 (4)
DRA 2 4.6211 0.09921 (5) 3.2354 0.19835 (3)
Status of the locus (in parentheses) relates to the order of deletion of certain loci from
the model: .1/ D first deleted; : : : ; .5/ D fifth deleted. N D number of horses.
no significant overall loci effects on serum IgE levels against rAlt a 1 were
obtained (data not shown).
On the contrary, significant overall loci effects (Tab. III) were obtained when
the analysis was performed for serum IgE levels against rAsp f 7 or rAsp f 8.
When the analysis was performed with the 448 horses, UM-011 and ELA-A
were significantly associated (P < 0:05) with the presence or absence of IgE
serum against rAsp f 7.
Significant positive effects were detected for alleles UM-011-177 and ELA-
A1, while a significant negative effect was detected for the ELA-A8 allele
(Tab. IV).
In the model including only the 76 horses from Szilvasvarad stud, a signi-
ficant association (P < 0:01) was obtained between the overall effect of DQA
and the IgE response to rAsp f 7. As shown in Table V, a significant positive
effect (P < 0:01) was observed for the DQA*0301 allele.
A significant association was also obtained between microsatellite UM-011
and serum IgE against rAsp f 8 (Tab. III) when the horses from all studs
were analysed. Again, as was the case for the IgE response to rAsp f 7, the
UM-011-177 allele was significantly positively associated with IgE against
rAsp f 8 (Tab. VI). In addition, a significant negative effect was observed
(Tab. VI) for the UM-011-161 allele as well as for the pooled rare alleles.
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Table IV. Gene substitution effect (α) for ELA-A and microsatellite UM-011 loci on
the IgE response to recombinant Aspergillus fumigatus [rAsp f 7] in the model with
448 horses.
Locus Allele # Frequency α (SE)
ELA-A A1 14.6 0.71  (0.31)
A2 7.4 −0:50 (0.44)
A3 4.5 0.28 (0.49)
A4 5.2 0.37 (0.46)
A7 6.0 0.54 (0.39)
A8 4.5 −1:63  (0.61)
A14 5.9 0.78 (0.48)
A16 12.2 −0:39 (0.35)
A19 22.6 −0:58 (0.30)
Be27 11.2 0.31 (0.36)
Pooled rare alleles 5.7 0.10 (0.42)
UM-011 161 26.1 −0:13 (0.23)
163 17.8 −0:51 (0.28)
165 32.8 −0:11 (0.20)
177 14.1 0.81  (0.26)
Pooled rare alleles 10.2 −0:05 (0.37)
Gene substitution effects (α) are derived from a generalised linear model assuming a
binomial error distribution.  P < 0:05,  P < 0:01. # For the microsatellite marker
UM-011 the alleles relate to the size in bp. Pooled rare alleles: ELA-A (A10, A11,
A17, A20 and Be30) and UM-011 (159, 164, 167, 171, 172 and 173).
Table V. Gene substitution effect (α) for the DQA locus on the IgE response to
recombinant Aspergillus fumigatus [rAsp f 7] in the model with 76 horses.
Allele Frequency α (SE)
DQA*0301 12.7 1.33 (0.47)
DQA*0601 34.7 0.04 (0.28)
DQA*0801 25.3 −0:44 (0.32)
DQA*1401 19.3 −0:77 (0.43)
Pooled rare alleles 6.0 −0:16 (0.54)
Gene substitution effects (α) are derived from the generalised linear model assuming
a binomial error distribution.  P < 0:05,  P < 0:01. Pooled rare alleles: DQA
(*0201, *0501, *0901 and *1201).
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Table VI. Gene substitution effect (α) for the microsatellite UM-011 locus on the IgE
response to recombinant Aspergillus fumigatus 8 [rAsp f 8] in the model with 448
horses.
Allele (size in bp) Frequency α (SE)
161 26.1 −0:51  (0.23)
163 17.8 0.24 (0.23)
165 32.8 0.24 (0.18)
177 14.1 0.75  (0.25)
Pooled rare alleles 10.2 −0:72  (0.36)
Gene substitution effects (α) are derived from the generalised linear model assuming
a binomial error distribution.  P < 0:05,  P < 0:01. Pooled rare alleles: UM-011
(159, 164, 167, 171, 172 and 173).
Table VII. Gene substitution effect (α) for microsatellite loci HTG-05 and UM-011
on the IgE response to recombinant Aspergillus fumigatus 8 [rAsp f 8] in the model
with 76 horses.
Locus Allele (size in bp) Frequency α (SE)
HTG-05 79 46.7 8.56  (0.50)
81 46.1 8.46  (0.00)
85 6.6 −17:02  (0.50)
UM-011 161 23.7 −0:54 (0.58)
163 10.5 −0:17  (0.65)
165 34.2 0.84 (0.42)
173 17.1 −1:46  (0.70)
177 7.9 0.22 (0.61)
Pooled rare alleles 6.6 1.11 (0.72)
Gene substitution effects (α) are derived from the generalised linear model assuming
a binomial error distribution.  P < 0:05,  P < 0:01. Pooled rare alleles: UM-011
(167, 171 and 172).
Microsatellite UM-011 in combination with the flanking marker HTG-05, was
also significantly associated with the IgE response to rAsp f 8 when the analysis
was performed within the Szilvásvárad stud (Tab. VII). While all three alleles of
the HTG-05 locus exerted significant effects, only two alleles of microsatellite
locus UM-011 (UM-011-163 and UM-011-173) were significantly associated
with the IgE response against rAsp f 8 (Tab. VII).
No significant effects of the MHC class II loci DQA and DRA could be
demonstrated for IgE levels against this r-allergen.
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4. DISCUSSION
A preliminary investigation indicated a possible association between the
MHC gene region and allergen-specific IgE levels in the horse [7]. The present
study confirmed these findings and showed that MHC class I and class II
genes and markers linked to the equine MHC, are associated with IgE levels
against recombinant Aspergillus fumigatus allergens but not with IgE levels
against the mould extracts Aspergillus fumigatus and Alternaria alternata. It
is not surprising that no significant associations were found with the mould
extracts, since these extracts contain a high number of different proteins and
glycoproteins and horses probably have IgE against many different antigens
present in these extracts. Associations between specific IgE levels and the MHC
can only be expected with single and pure allergens [2]. The data available made
it possible to account for different sources of variation (stud, sex and age and
their two-way interactions) that are known to affect serum IgE levels [7]. The
determination of microsatellite markers linked to the equine MHC also allowed
a more sophisticated statistical analysis than in the preliminary study of Eder
et al. [7]. The present investigation included the MHC class I ELA-A locus and
a microsatellite marker, UM-011, that is closely linked to the MHC class II DRB
locus, as well as two flanking microsatellite markers, HTG-05 and HMS-42.
The composite models with 448 Lipizzans, fitting alleles from all four loci
simultaneously, showed significant associations of the ELA-A and UM-011 loci
with IgE titres against rAsp f 7, and of UM-011 solely with IgE against rAsp f 8.
Based on the theoretical function of the MHC, i.e. presentation of endogenous
peptides by class I and of exogenous peptides by class II gene products, we
would assume an effect of MHC class II alleles on the IgE response against
single allergens. To test this hypothesis, the alleles of the MHC class II loci,
DQA and DRA, were determined in the 76 Lipizzans from the Szilvásvárad stud.
This stud was selected particularly because it contained the highest percentage
of horses with detectable IgE against rAsp f 7 and rAsp f 8 and a preliminary
investigation [7] had indicated a negative association between an ELA-A allele
and IgE levels against rAsp f 7 and rAsp f 8. The statistical analysis within
the Szilvásvárad stud demonstrated the strongest association between rAsp f 7
specific IgE levels and the DQA locus, indicating that genes within the MHC
class II rather than genes within the MHC class I region might be true candidates
for the variability of serum IgE levels against rAsp f 7. The UM-011 locus,
together with flanking marker HTG-05, showed a significant association with
serum IgE levels against rAsp f 8. The significant association at locus HTG-05
is surprising but is likely caused by the strong effect of the rare allele, HTG-
05-85. With the exception of the association with HTG-05, which needs to be
interpreted with caution, significant associations were only found with the MHC
class II DQA loci and with the DRB-linked marker UM-011 further suggesting
that the MHC class II loci may influence the specific IgE response in the horse.
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The readers should be aware that we did not account for the background
genes and, thus, while estimating loci effects, possible bias might have arisen
due to a non-random distribution of the polygenic components.
In conclusion, these results indicate that the MHC gene region, possibly
MHC class II genes, influence the specific IgE response in the horse and that
more than one class II locus might affect the specific allergen response, as
has been suggested in humans [4]. A better characterisation of the equine
MHC and a finer genetic map of ECA-20, as well as the identification of the
relevant epitopes on the recombinant allergens will allow us to understand
the mechanisms underlying the uncovered association between the equine
MHC gene region and specific IgE levels. Further studies are also needed
to investigate whether these findings are significant to the genetic resistance or
susceptibility to recurrent airway obstruction in the horse.
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